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1. Introduction 


Polyploidy is occurred when two or more extra sets of the basic chromosomes are added in an organism. 
Autopolyploid is referred to an organism with duplication of full genome of a species [1]. Nowadays, chemical agents 
such as colchicine, oryzalin, taxol, vincristine, vinblastine, vinorelbine, cryptophycin, and trifluoride are used to 
disturb mitosis and induce polyploidy. The effect of colchicine on mitosis was first studied in mice, but its successful 
use in polyploidy induction was reported for the first time by Blakeslee in 1937 [2]. Subsequently, Blacksley reported 
successful polyploidy induction using colchicine in 48 species belong to 29 different genus and 16 families of 
flowering plants. One of the major advantages of colchicine treatment is related to its application in autoploidization 
of diploid plants. 


One of the rapid and most widespread effects of polyploidy on plants is to stimulate the growth of vegetative organs 
and thus more yield than counterpart diploid plant [3]. Furthermore, when compared to their diploid counterpart, 
polyploid plants tend to have thicker, wider and shorter leaves and petiole texture, in addition to shorter shoots, 
slower flowering, late flowering, reduced pollen fertility and seed set formation [4]. Another general effect of 
polyploidy is to increase cell, stomata and pollen grain size. These aspects are often used as a marker for detection of 
polyploidy level among mixed populations or herbarium specimens. In a study conducted on Citrus limonia, it was 
found that leaves of tetraploid plants were significantly thicker than the diploid one, mainly due to their thick spongy 
parenchyma with large intercellular spaces and epidermal cells [5]. Also, polyploidy at different levels can have a wide 
range of effects on plants, including larger flower and fruits, extended flowering time, overcoming hybridization 
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barriers, a decrease or completely inhibit seed set production, enhancing pests resistance and stress tolerance [6,7]. 
Studies have also shown that artificial tetraploidy in plants can lead to increased biomass and phytochemicals 
production [8]. 


Forage sorghum (Sorghum bicolor L. Moench) a member of the Gramineae family is a species consisted of several 
types and variants with the genetic formula of 2n=2x=20. Plants within of this species are short-day, four-carbon with 
high-photosynthetic performance and most of their varieties need temperatures above 21 degrees Celsius to maintain 
a proper growth rate. One of the main aspects of forage sorghum is its tolerance drought compared to other grains. 
Furthermore, it is adapted with a wide variety of soils [9]. 


By increasing of demand for milk and meat products and considering the previously mentioned aspects, the 
importance of sorghum as a worldwide forage crop especially in Asia is quite clear [10]. However, in order to meet 
the increased demand for forage crops especially when considering nowadays challenges such as the rapid population 
growth and the reduced cropping areas, new sorghum cultivars with high yields and biomass have to be bred. 
Therefore, in the present study, the main goal was to induce polyploidy by using different concentrations of colchicine 
to investigate the possibility of a chromosomal duplication of diploid sorghum and compare their morphological 
characteristics of the obtained polyploidy with its diploid counterpart. 


2. Materials and Methods 
2.1. Plant material 


In order to study the effects of polyploidy induction on forage sorghum seeds, a commercial forage sorghum line 
(Omid-Bakhsh MSF8) was provided from Khorasan Razavi Agricultural and Natural Resources Research Center. The 
experiment was conducted in a completely randomized design with two factors including three levels of colchicine 
concentrations (0, 0.01, 0.1 and 0.2%) and three periods of time (4, 8, 16 and 24 hours) with three replications which 
was imposed on four-day-old seedlings meristems. Seedlings were immersed in 5 ml tubes containing colchicine 
solution in an upside-down position while the roots were in contact with moist cotton. Treated seedlings were rinsed 
with distilled water and gradually transferred to the greenhouse. The soil composition was normal soil and sand (1: 
1). For this purpose, 5 kg plastic pots were used. Control plants were also cultivated under these conditions. Irrigation 
and all proper agricultural practices were performed uniformly for all pots until the end of the experiment. Survival 
rate was evaluated in treated seedlings after one month of the treatment. 


2.2. Plant traits screening 


Plant height was recorded as the length from the soil surface to the tip of the cluster. Three leaves (second, third and 
fourth leaves) were used to measure leaf length, width, and thickness. [11]. 


To determine the number of leaf surface stomata, two fully developed leaves of the same size and age were selected 
from the middle part of each plant. For this purpose, the epidermis of the underside of the leaves was treated with a 
thin layer of ordinary colorless nail polish diluted with acetone. After the solution was dried, the top layer was 
removed using tape and mounted on a clean microscopic slide. The optical microscope was used to observe and count 
the number of apertures per square millimeter. Stomata length, width and density index are commonly used as a 
method for identifying polyploidy plants from their counterpart diploid plants [12][13]. 


Stomata dimensions were measured by 10X magnification. Considering the stomata inconsistencies in dimensions and 
density especially around the veins, the samples were rotated under the microscope in order to take different photos 
for each. Images were processed and evaluated for length, width and density (number of stomata/image area) of the 
stomata using ImageJ software in comparison to a known length [14]. 


To study pollen diameter, several anthers were sampled from each of the treated and control plants. Anthers were 
then stored in absolute ethanol and acetic acid (1: 3) for 24 h and subsequently in 70% ethanol. Anthers pollen were 
stained with a 2% aceto-orcein solution over lamellae and investigated under the microscope with 40X magnification 
[15]. 
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2.3. Flow cytometry assay 


Ploidy level of plants was characterized using a (Partec PA, Germany) flow cytometer. Control plants were also 
examined to compare the effects of colchicine, and the peak obtained from them was the basis of the sample volume 
comparisons. Samples of one squared centimeter were taken from young and mature leaves (approximately two 
months old) and one milliliter of Galbraith extraction buffer was added to each sample [16]. A razor blade was used to 
shred the tissue inside the buffer solution without crushing cells. The suspension of plant DNA was then passed 
through the flow cytometer’s filtrate and one ml of kernel staining solution containing 4 ul of DNA solution was added 
subsequently. The solution was then centrifuged at 4 °C for 10 minutes and 10000 rpm and the resultant supernatant 
was injected. For each sample, the volume of 10,000 nuclei was measured and the obtained peaks were interpreted 
using Motfid software. 


2.4. Protein content 


To extract protein from plant tissue Tris-HCl method was used [17]. Samples of one gram of sorghum leaf were 
powdered in liquid nitrogen. The resulting herbal powder was mixed directly with 3 ml Tris-HCl buffer (100 mM Tris- 
HCl aqueous solution, 10 mM EDTA pH = 8, 0.5% beta-mercaptoethanol, 50 mM PMSF) which has been precooled in 
ice. After centrifugation at 11000 g for 20 minutes at 4 °C, the supernatant was removed and used for the assay. To 
prepare the stock solution, 0.1 g of Coomassie Brilliant Blue G-250 was dissolved in 50 ml of ethanol and after passing 
through filter paper, 100 ml of 85% phosphoric acid was added and distilled water was added until a volume of 200 
ml. The resulting solution was kept in a dark container at 4 °C. To prepare the assay solution, one unit of color stock 
solution diluted with four units of distilled water was used for testing. To prepare bovine serum albumin (BSA) 
standard solution, 0.1 g of bovine serum albumin protein was dissolved in 1000 ml extraction buffer to reach a final 
concentration of 100 ug / ml. for each assay 60 uL of the extracts were added to 940 uL of assay solution and after 5 
minutes, its absorbance was measured at 595 nm and compared against (BSA) standard curve. 


2.5. Statistical analysis 


Analysis of data was performed using JMP statistical software. Differences between survival rates related to each 
treatment were evaluated using Chi-square. The comparison between treatments means was performed using 
Student’s t-test at 5% level of probability. 


3. Results and Discussion 
3.1. Survival rates 


The results of Chi-square test showed a significant difference between survival rates (p-value <0.0001). Mortality 
rates increased with the increase of colchicine concentration. The comparison of colchicine concentration-effect 
regardless of treatment duration showed that the lowest survival rate was observed in 0.2% concentration (45.83%). 
Furthermore, seedling survival decreased by increasing periods of time. These results are in agreement with those of 
reported by Elyazid and El-Shereif [18]. The low meristem survival rates were also reported by Sanford [6], under 
conditions that the concentration of colchicine solution was high or treatment period was too long. Colchicine activity 
appears to be concentrated in the meristem, causing a physiological disturbance, a reduction of cell division or explant 
death [19]. 


3.2. Morphological screening 


Possible polyploidy plants were screened based on changes in morphological characteristics. The first morphological 
change observed in the treated plants was that the preliminary leaves had an abnormal appearance, whereas the later 
leaves had a natural appearance compared to the control. This phenomenon may be due to stress imposed by 
colchicine treatment. This type of rosette formation was reported by [20] in the genus Sorghum after two to three 
weeks of germination. 


Evaluation of plant height data showed that all concentrations of colchicine had a significant effect on height (Table 1); 
however, there was no significant difference between different concentrations of colchicine on plant height. The 
lowest plant height was observed with treatment of 0.2% colchicine with an 8-hour time period of (113.43 cm) and 
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the highest plant height in control (163.16 cm) which might render colchicine treated plant as a more convenient 
silage production source. An increase in stem diameter was observed by increasing colchicine concentration. The 
highest stem diameter was recorded at 8 h and 0.2% colchicine treatment (0.92 cm) while the control scored the 
lowest stem diameter (0.57 cm). Morphological and apparent features such as stem length and diameter have been 
cited as indirect, easy, fast and reliable symptoms of ploidy identification, but require time for plant growth and are 
less robust than direct methods [21]. As an example, the results of the study by [22], on ‘Cape periwinkle’ 
(Catharanthus roseus cv. Alba), showed that by increasing of ploidy level, the stem diameter of plants is increased. 
Furthermore, plant height of tetraploid plants was significantly lower than diploid ones. 


Table 1. Analysis of variance for the effect of colchicine treatment on morphological and cytological 
traits in “Omid-Bakhsh” cultivar. (ns, ** and *) represent no significant differences, and significant 
difference at 1% and 5% level, respectively. 












































Source Concentration Duration ae oan : Error 

Degree of freedom 3 3 9 32 

Leaf Number 0.5 ns 0.5 ns 0.55 ns 0.45 

Leaf Thickness 0.3 * 0.15 0.1* 0.4 

Leaf Weight 2.36 * 0.16 ns 0.90* 0.31 
Leaf Length 254.13 ™ 5.8035 s 77.3761 * 31.33 

5 Stem Diameter 0.7 * 0.7 ns 0.2 * 0.7 
= Plant Height 1632.79 ™ 96.58 ns 519.7 ™ 159.78 
5: Stomatal Density 651.33 ™ 47.38 »s 161.2 * 71.25 

a Stomatal Diameter 51.81“ 2.62 9s 20.85 * 7.84 
Stomatal Length 99.32™ 16.55 ns 61.21™ 16.23 
Pollen Diameter 461.17 ™ 9.92 ns 114.78 * 53.85 

Tetraploidy Percentage 0.143 * 0.55 ns 0.99 * 0.46 
Protein Content 158.23" 12.56% 58.59" 18.17 








Results of analysis of variance on the effect of colchicine on leaf length, width, and thickness showed that there was a 
significant difference between treated and control plants at 1% probability level; however, no significant difference 
was observed for leaf number (Table 1). Although the mean leaf length showed a significant difference between the 
treated and control plants, no significant difference was observed between the plants treated with different 
concentrations of colchicine. Colchicine decreased the leaf length of treated plants in comparison to control plants. 
Both leaf weight and thickness were significantly increased in colchicine treated plants compared to control plants 
(Table 2). Similar results were obtained with basil [23] and Salvia [26] where tetraploid plants an increased leaf 
thickens. 


3.3. Stomatal indices 


Since stomatal size and number is related to the number of chromosomes, rapid counting in addition to stomatal 
measurements are considered valuable for screening ploidy levels [23][24][25]. The results of stomatal 
characteristics data analysis of treated and control plants showed significant differences for stomatal length, width, 
and density (Table 1). The highest stomatal length and width were observed at 0.2% concentration with means of 
37.22 and 23.74 um, respectively while the lowest in control plants with means of 30.29 and 18.70 um, respectively. 
By Increasing of colchicine concentration, the number of stomata in leaf area was decreased. The lowest value was 
observed in 0.2% of colchicine with a mean of 45.75 stomata/mm? and the highest value in control with a mean of 
63.08 stomata/mm2. These results are similar to those in [27] with Anthurium, [28] with sorghum and [26] with 
salvia, where stomatal density was decreased in plants treated with an increasing concentration of colchicine. 
Furthermore, both Hosseini and chen reported an increase in stomatal size in the treated plants compared to control 
[27] [26]. Studies have shown that the size of stomatal guard cells is more influenced by genetic factors and less 
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affected by environmental conditions than other plant cells. As the ploidy level increases, the length and width of the 
stomata increase, leading to the reduction of stomatal density [29]. Therefore, it is inferred that the evaluation of 
stomatal indices can play a crucial role in characterization of different ploidy levels. 


3.4. Pollen size 


According to the results, pollen grain diameter was significantly affected by colchicine treatment (Table 1). The 
highest pollen diameter was observed in 8 hours with 0.2% colchicine (mean value of 69.35 um) and the lowest pollen 
diameter was recorded in the control plants with a mean of 45.33 um (Table 2). These results are in agreement with 
the results of [30] on Torenia fournieri where tetraploid plants had larger pollen grains. 


3.5. Flow cytometry assay 


Ploidy levels were assayed using flow cytometry technique by comparing colchicine treated samples with control. 
Diploid plants were applied as standard specimens with two 1G and 2G peaks averaging 13.78 and 26.93 (Fig. 1)(A). 
Therefore, the level of DNA ploidy in these plants is 2X=2C. Flow cytometric histograms of seedlings treated with 
colchicine 1G and 2G peaks showed averages of 26.13 and 52.26 (Fig. 2)(B), which refers to their tetraploidy level 
with an estimation of 4X=2C. Furthermore, the histograms obtained from mixoploid plants also have three peaks with 
mean values of 13.79, 26.83 and 52.58 (Fig. 1)(C). 
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Dip G1: 67.90 % at 13.75 
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Tetraploid: 98.14 % Tetraploid: 52.76 % 
An1 G61:81.03 % at 26.13 An1 G1: 75.40 % at 24.64 
An1 G2: 18.01 % at 52.26 Ant G2: 24.51 % at 49.27 
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Total B.A.D.: 16.52 % 


Debris: 13.29 % 


Aggregates: 4.23 % 

Modeled events: 9999 

All cycle events: 8247 

Cycle events per channel: 559 
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Total Aneuploid S-Phase: 0.06 % Total Aneuploid S-Phase: 0.00 % 
Total S-Phase: 2.65 % Total S-Phase: 1.46 % 
Total B.A.D.: 22.06 % Total B.A.D.: 19.64 % 


Debris: 22.11 % Debris: 18.42 % 

Aggregates: 1.25 % Aggregates: 1.71 % 

Modeled events: 8578 Modeled events: 534 

All cycle events: 7340 All cycle events: 7614 

Cycle events per channel: 191 Cycle events per channel: 204 
RCS: 0.622 RCS: 0.507 





Figure 1. ’Omid-Bakhsh’ samples flow cytometry histograms of (A) diploid plant, (B) 
98% tetraploid plant, and (C) mixoploid plant 
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Table 2. Morphological and cytological traits means of different colchicine treatments with different durations and control in’Omid-Bakhsh’ cultivar. 





















































~§ < g c= s g % S A g 3% B = 
Se Sy Se VE se De Sr 
eas 2S AS ba ane) EE gS ee a2 ae gE 5B 
F & = : g 4 3 : 5 BS 3 ego este 
s) ie a a & na & é & a 
4/0 163.16% 0.624" 42,7 ed. 0.182° 29.304 17.70, 66.62% = 46.134 04 32.99! 
8/0 160.9% 0.60% 44.66" 2.59% 0.185" 30,70 ~— 19.16? 2,33 45,334 oc 32.91! 
16/0 162.734 0.60% ~~ 43.1% ~— 259d 0.184e 30.60 ~— «18.86 — 64.662 46.064 oe 34.52 def 
24/0 161.6% 0.57! 44,3 % 2.54° 0.186° 30.56 ~—19.6 "62.66% 46.164 04 33.14! 
4/001 158.1% 0.614 43.26% 2.60% —-0.184e 30.20 ~— 17.508 668 47.6 «4 04 33.88 & 
B/0.01 145.9 aed 0,76 bede 3H Sabete ZIG ele IGT He 33.264 —-2O.G ede’ —5G,3B adele 451,29 at 7 36.73 «iel 
16/0.01  140.2>4 0,72 >ele 34.6 dee «3.51 aed O,212 ede «38.50% 23,66 55.67 abe 5 3.01b —-10.33° 3 7AT ef 
24/0.01 125.76 0.81 31.6% 3.83% 0.230 36.50% 22.80 adete 48.33 «63.538 30.334 43,25 abe 
4/01 129.26 0.8 31,366 §— 3.64 ade O.217 Mele — 39.6% 2H.AB ADE —4B.ST AF 59.SDabE Gabe 41.11 Be 
B/0.1 144.7694 0.77% ——34.Jedele 34D Bede ——.ZOS Hele 35.4GHed 21,73 bede ——SHBadede HDS bed —1.2.33bE 37.49 eeel 
16/0.1 152.16 0.67 ble! 41.5384 2.684 0.185" «30.30 ~— 18.83 59.334 52,6 bed 04 35.14 aef 
24/0.1 141.7% 0,73 ede 35,Zbedew —-B1Dbede 215 abcde 34.35 bd —-21.7Z ble 50,33 bee —STZad_—BBBbC 3 74D cael 
4/02 129.134 0.78% 30.53% 3.92 0.233%  — 38.6% 25 2 44.66% 63.88% 27.33% 45.18% 
8/02  115.43° 0.928 278 4.33 0.2842 43.68 26.93 35 ef 69.358 538 48.948 
16/0.2 139.4% ——O,76be¢ 3 3.Bee® 351 abcd ——.222abed_——-35,80 Ped —«-22,73 Pete 46334 59.24 1D «40,95 bee 
24/0.2  155abe 0,66 eer 4Q abe 274% 0.195 & 31 «4 20.3 — S7abele = 51.1 a od 34.08 def 





Averages with similar letters in each column had no significant difference (a = 0.05). 
* The first number in the first column refers to colchicine concentration, while the second number refers to the periods of time for colchicine treatment. 
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Results of analysis of variance based on flow 
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The results of flow cytometry showed that 
y y Figure 2. Effect of different concentrations of colchicine on 


colchicine eanne has an ability to affect most of tetraploid percentage in “Omid-Bakhsh” forage sorghum cultivar 
the treated seedlings and while some plants reached (p = 0.02) 


a nearly pure tetraploid percentage of 98%, which is 

close to the pure tetraploid, the rest of the plants 

had different tetraploid percentages. Three levels of ploidy were observed including diploid (2X), tetraploid (4X), and 
mixoploid (2X+4X). Since the central region of meristem is responsible for the production of stem end cells, 
duplication of chromosomes in this area generates terminal polyploidy tissue. It appears that pure polyploidy plants 
result from the successful and appropriate doubling of cells treated in all tissue layers of the central region in the 
meristematic area, which eventually produce plants with homogeneous tetraploid cells [31]. The creation of 
mixoploid plants is not unexpected since the meristem of the plants is composed of many tissue layers with multiple 
cells and may have a tendency to absorb colchicine [32] [33]. Other factors might be involved in the production of 
mixoploid plants such as the differential and un-equal effect of colchicine on cell dividing [34]. Tetraploid impurities 
were also reported in other studies such as [35] on Melissa officinalis and [36] on Narcissus. 


3.5. Protein content 


Results showed that colchicine treatment significantly Increased protein content in the resulted plants with no 
significant effect for the treatment duration. Furthermore, the interaction between treatment time and concentration 
on total protein content was significant (Table 1). The highest protein content was observed in plants treated with 
0.2% colchicine for 8 hours (48.94 ug/mg) while the lowest was observed in control plants (32.91 ug/mg). These 
results are similar to [19] results on the endosperm protein content of autopolyploid rice lines when compared to 
diploid ones. This increase in protein content might be contributed to the reported gene expression increase in 
polyploid plants compared to diploid plants [37]. 


4. Conclusions 


As a conclusion, colchicine treatment affected the morphological traits of “Omid-Bakhsh” forage sorghum cultivar 
resulting in a decrease in stem length and leaf length, with an increase in stem diameter, leaf width, leaf thickness, and 
protein content. However, no changes in leaf number were observed. The application of higher colchicine 
concentrations resulted in an increase in stomatal dimensions and pollen diameter with a decrease in stomatal 
density. The results of flow cytometry data showed that the highest probability of polyploidy in “Omid-Bakhsh” 
cultivar was contributed to 0.2% colchicine treatment and duration of 8 hours. These findings are considered 
promising as a starting point of introducing new tetraploid forage sorghum types with compacted stems and higher 
protein content. 
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